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Dark Matter Energy Density

Ordinary Matter
o 15.5%

/

Dark Matter 84.5% From Planck 2013



Ordinary Matter

The ordinary matter has its mass from protons and

neutrons
Durr, et.al., Science 322, 1224 (2008)
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90% of the mass of ordinary matter emerges from QCD
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Introduction of Dark QCD

A simple-minded conjecture:

Dark QCD

dark quarks, dark pions,
dark baryons, dark axions

The dark matter has its mass from a “dark QCD”



Is it new!?
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The Discovery of Higgs Boson

SMS

Nima Arkani-Hamed, talk at SavasFest, May 2012



ATLAS SUSY Searches*

- 95% CL Lower Limits

ATLAS Preliminary

Status: SUSY 2013 f-l: dt=(4.6-229)fb! +s5=7,8TeV
Model e T,y Jets ET™ [rdt[b] Mass limit Reference
T T T T — T T T T T — T
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 4.8 1.7TeV m(g)=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM 1epu 3-6 jets Yes 20.3 g 1.2 TeV any m(g) ATLAS-CONF-2013-062
» MSUGRA/CMSSM 0 7-10jets  Yes 203 |§& 1.1 TeV any m(g) 1308.1841
L & q—)le 0 2-6jets  Yes 203 @ 740 GeV m(9)=0 GeV ATLAS-CONF-2013-047
O 3g E—oqahy 0 2-6jets  Yes 203 |& 1.3 TeV m(¥3)=0 GeV ATLAS-CONF-2013-047
S 2z Eoqoti—ggW* ,v1 1eu 3-6jets Yes 203 [& 1.18 TeV m(¥3)<200 GeV, m(¥*)=0.5(m(¥3)+m()) ATLAS-CONF-2013-062
) gE, gaqq(f{/{y/yy)xl 2epu 0-3 jets - 20.3 g 1.12 TeV m(E9)=0 GeV ATLAS-CONF-2013-089
Q  GMSB(/NLSP) 2eu 2-4jets  Ves 47 tang<15 1208.4688
‘®  GMSB (¢ NLSP) 127 0-2jets Yes 207 1.4 TeV tang >18 ATLAS-CONF-2013-026
2 GGM (bino NLSP) 2y - Yes 4.8 m(E3)>50 GeV 1209.0753
S GGM (wino NLSP) Teu+y - Yes 4.8 m(¥3)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥))>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) O03jets Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  VYes 10.5 m(g)>10"* eV ATLAS-CONF-2012-147
§T  z-bbY) 0 3b Yes 201 |& 1.2 TeV m(T3)<600 GeV ATLAS-CONF-2013-061
> an gottl 0 7-10jets  Yes 203 |& 1.1 TeV m(¥}) <350 GeV 1308.1841
Bl g—tth 0-1eu 3b Yes  20.1 g 1.34 TeV m(¥9)<400 GeV ATLAS-CONF-2013-061
B N2 0-1ep 3b  Yes 201 |& 1.3 TeV m(i3)<300 GeV ATLAS-CONF-2013-061
biby, b1—>bX 2b Yes  20.1 by 100-620 GeV m(¥?)<90 GeV 1308.2631
w o biby, byotl] 2e,u(SS) 03b Yes 207 |y 275-430 GeV m(¥5)=2 m(¥}) ATLAS-CONF-2013-007
= S #E(light), [N 1 2 e 1-2b Yes 47 6 11 m(¥))=55 GeV 1208.4305, 1209.2102
S S Elil(nght) tl—»Wb)c? 2e,pu 0-2jets  Yes 20.3 f 130-220 GeV m(EY) =m(#)-m(W)-50 GeV, m(f)<<m(¥}) | ATLAS-CONF-2013-048
g‘g t1 & (medium), foth 2epu 2 jets Yes 203 | 225-525 GeV m(¥3)=0 GeV ATLAS-CONF-2013-065
c g5 Gh(medium), &—bly 0 2b Yes 201 |%& 150-580 GeV m(¥9)<200 GeV, m(¥1)-m(¥3)=5 GeV 1308.2631
Q% hii(heavy), T th leu 1b Yes 207 % 200-610 GeV m(¥3)=0 GeV ATLAS-CONF-2013-037
5 O Hhh(heavy), h—th 0 2b Yes 205 |4 320-660 GeV m(¥3)=0 GeV ATLAS-CONF-2013-024
»B hh, hoch 0 mono-jet/ctagYes 203 | & 90-200 GeV m(E)-m(t9)<85 GeV ATLAS-CONF-2013-068
1% (natural GMSB) 2e,u(Z) 1b Yes 20.7 31 500 GeV m(¥3)>150 GeV ATLAS-CONF-2013-025
b, hoh+ 27 3eu(2) 1b Yes 207 |% 271-520 GeV m(E)=m(¥9)+180 GeV ATLAS-CONF-2013-025
fL RELR, f—>£x1 2epu 0 Yes 203 |7 85-315 GeV m(¥3)=0 GeV ATLAS-CONF-2013-049
5 X;P)ﬁ X —Ev(er) 2eu 0 Yes 203 |%; 125-450 GeV m()z?)=o GeV, m(7, 7)=0.5(m({i )+m(X1)) ATLAS-CONF-2013-049
= o I Xy, X{ >v(19) 27 - Yes 20.7 | X 180-330 GeV mm) 0GeV, m(%, ¥ o 5(m(x1)+mm)) ATLAS-CONF-2013-028
w3 xl)c i (), 50 () 3epu 0 Yes 207 ;gz,;g“ 600 GeV m(F5)=m(¥3), m ("‘f):o, (g,o;) -0.5(m(¥5 )+m(¥%)) ATLAS-CONF-2013-035
)(1)( —SWE Z)(a 3enu 0 Yes 20.7 )fl,l_/ﬁ 315 GeV mwl) m(Xz) m(Xl) 0, sleptons decoupled | ATLAS-CONF-2013-035
XiXa— WXihX] Tenu 2b Yes 20.3 X1. X, 285 GeV m(¥5)=m(¥3), m(¥2)=0, sleptons decoupled | ATLAS-CONF-2013-093
8@ Direct ¥ 47 prod., long-lived %7 Disapp. trk  1jet Yes 203 | 270 GeV m(¥;)-m(E9)=160 MeV, 7(¥})=0.2 ns ATLAS-CONF-2013-069
g % Stable, stopped g R hadron 0 1-5 jets Yes 229 g 832 GeV m(¥3)=100 GeV, 10 pus<t(g)<1000's ATLAS-CONF-2013-057
DT GMSB, stable 7 V978, ) +r(e, ) 1 2 H - - 15.9 10<tanB<50 ATLAS-CONF-2013-058
S 8 GMSB, H—y&, long-lived X3 2y - Yes 47 0.4<r()<2 ns 13046310
== 5, 805 qqu (RPV) 1, displ. vix - - 203 |a 1.0 TeV 1.5 <cr<156 mm, BR(z)=1, m(i%)=108GeV | ATLAS-CONF-2013-092
LFV pp—¥: + X, ¥r—>e +u 2e,pu - - 4.6 243;=0.10, 413,=0.05 1212.1272
LFV pp—¥; + X, ¥r—>e(u) + 7 leu+t - - 4.6 A31,=0.10, 21(2)33=0.05 1212.1272
> B|I|near RPV CMSSM lenu 7 jets Yes 47 m(&)=m(§). crisp<t mm ATLAS-CONF-2012-140
& )?#)?I B -wid X°—>eev,,, euve  4dep - Yes 207 760 GeV m(X1 )>300 GeV, A121>0 ATLAS-CONF-2013-036
Xy, X S W, M o1tie, eriy Ben+T - Yes 207 | X; 350 GeV m(¥3)>80 GeV, ;330 ATLAS-CONF-2013-036
&—qqq 0 6-7 jets - 203 |& 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—ht, ti—bs 2e,u(SS) 03b Yes 207 |& 880 GeV ATLAS-CONF-2013-007
. Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
_‘g Scalar gluon pair, sgluon—tt 2 e, u(SS) 1b Yes 14.3 ATLAS-CONF-2013-051
‘O“ WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 m(x)<80 GeV, limit 0f<687 GeV for D8 ATLAS-CONF-2012-147
M| 1 1 1 PR R T
Vs =8TeV -1
- - full data 10 ! Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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time to add this?

we’ve seen this
for a while

RIP-

technicolor
: 1978-2011‘

some talk given by someone in the audience
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The dynamics in the dark sector may have nothing

to do with the electroweak symmetry breaking !!!

Ve need to study dark
matter for its own purpose



One Number to Explain

UpM  _ MDMRDM o § ~

QBaryon MpTNyp

Most popular models: “WIMP miracle”
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45 \'/? 1
Doy 50 ( ) ) (ov) = 1 pb & WO;
D\ T mp) (ov) 8MP\

for ™MpM — 100 GeV

This could be just one option:

dark matter is related to the electroweak scale



Two Options in dark QCD

® Thermal dark matter (not necessarily weakly-
interaction)

(47)*

Y

4
g
(ov) = 1 pb (ov) ~ £y
47Tm%M 47Tm%M

® Asymmetric dark matter

UpM  _ MDMTDM ~y F ~ 6

QBaryon MpTNyp

Two conditions:



Thermal Dark Baryon

® For simplicity, we just use SU(N,; = 3) as dark QCD
gauge group. With two flavors of dark quarks, the
“dark neutron” could be the dark matter candidate

general study for Dirac DM:

It is a Dirac dark fermion: 1/ " e 0810:5557

It is not p-wave suppressed; however:

o 7Td
nd o
“0¢’ o ﬂ-d
i : T4 then decays
SO to SM particles
ng ",



Cross section (mb)

Thermal Dark Baryon

® Fortunately, we have experimental data from

our QCD sector
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Cross section (mb)
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Thermal Dark Baryon

® Fortunately, we have experimental data from

I S N AN S O S Y ,ab,,(G,e,V/c),,,,

our QCD sector
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Thermal Dark Baryon

® Use polynomial to fit the data  YB, Draper, Lu, in progress

100 -

TtV (Mb.C)




Thermal Dark Baryon

® Use polynomial to fit the data  YB, Draper, Lu, in progress
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Thermal Dark Baryon
® TJoo high for the current hadron colliders

® Direct detection can still probe the thermal
dark neutron

a) Tree-level coupling to Z boson

b) Dimension-5 operator: LSD collaboration,
. 1301.1693

A ngotng FMV
dQCD

c) Dimension-7 operator:
2

A ngng (GZ,/)Z
dQCD



Direct Detection from LUX
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at higher masses, the limits become weaker and are
proportional to the dark matter mass
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Direct Detection from LUX

e tree-level ®
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® Asymmetric dark matter

)bM = _ MDMNDM 5 o (B
QBaryon Mpnp
e o Y,
Two conditions: (I): MbMm ~ Np

(2): mom ~ My



(1): npm ~ Ty
The first condition can be satisfied by introducing
some non-trivial number density history
Barr, Chivukula, Farhi, PLB, 241, 387 (1990)
David B. Kaplan, PRL, 68, 741 (1992)
Dodelson, Greene,Widrow, NPB, 372,467 (1992)
Fuijii, Yanagida, PLB, 542, 80 (2002)
Kitano, Low, PRD, 71,023510 (2005)
Farrar, Zaharijas, PRL, 96,04 1302 (2006)
Gudnason, Kouvaris, Sannino, PRD, 73, 1 15003 (2006)
Kaplan, Luty, Zurek, PRL, 79, 1 15016 (2009)
Shelton, Zurek, PRD, 82, 123512 (2010)

Davoudiasl, Morrissey, Sigurdson, Tulin, PRL, 105, 211304 (2010)
Buckley, Randall, JHEP, 1109, 009 (201 I)
corgee



(2):  mpm ~ My

The dark matter could be like ordinary baryons
from an asymmetry mechanism

The dark matter mass is related to the QCD scale

20



If dark matter is a “dark baryon” from a new QCD-
like strong dynamics in the dark matter sector

Aagcp ~ Agep 7

Need to have QCD and dQCD gauge couplings
related to each other

21



Dimensional Transmutation
47 s M?2
AQCD Mlgl /1Bo s (Mpy)] Bo <0

AdQCD ~ M2 e A7 /(8§ aa(Mp))]

The confinement scale is sensitive to the beta

function (matter content) and the coupling at a UV
scale

Need a mechanism to relate the gauge couplings of
two gauge groups in an infrared scale

22



Our idea
Banks-Zaks fixed point

--‘-
-

Particles charged under both gauge groups can
induce Infrared Fixed Points (IRFP) and have both
gauge couplings related to each other in the IR
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Matter Content

Ggauge = SU(NC)QCD X SU(Nd)dQCD

Field SO oen  SUINgeawoen ezl
SM fermion e | i,
SM scalar N, 1 N,
DM fermion 1 Ny nf,
DM scalar 1 Ny W
joint fermion N, Ny ng;
joint scalar N, Ny Ms;
d genera matter content

upper bounds on multi

vlicities from asymptotic freedom
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Gauge Coupling Running

dgd
d(log pu

dgec
d(log pu

) = Bc(gmgd) ; ) = Bd(gmgd)

Jones, PRD, 25, 581 (1982)

2 1 11

Belger9a) = s 5 [§ T(Rf) 2(”]‘} + Ng nfj) + 3 T(Rs) (ns, + Ny ”sj) T3 02(GC)]

+ 902)2 [(%002(Gc)+202(3f)> T(Ry)2(ns, + Nang;)

" (202@0) +4CQ(RS)> T(Rs)(ns, + Ngns;) — %022(6%)]

+% [2C2(By) T(Ry) 2 Nany; + 402 (Ry) T(RBs) Nans, | -

c<d for 5d(gm gd)
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Infrared Fixed Point

Bc(gcagd) o Bd(gc,gd) =

b S GRSIcE b S

N — ozs(nfc,nsc,nfd,nsd,nfj,nsj)
e *

Qi — ozd(nfc,nsc,nfd,nsd,nfj,nsj)

0 100 200 300 400 500 600 700
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Dark QCD Scales

Decouple all particles except dark quarks at a

common scale M

M

Aqep Aggep

27



Dark QCD Scales



Estimation of Dark Baryon Masses

Require non-perturbative tools like Lattice QCD

Following the analysis of the Cornwall, Jackiw,
Tomboulis effective potential for chiral symmetry
breaking, one has

OédCQ(Rf)>7T/3 Oéd>7T/4

Using this condition to approximately determine
the confinement scales, we have

my ~ 1-5AQCD
Lattice inputs

required
SO, mp ~ 1.5Aqqcp ’

29



A Sample of Representations

Model | ny, ny, ng ns, ns, nNs | A ay | M (GeV) p (GeV)
A 6 5! 3 0 2 g | 00gs  0L1rs 518 31
B 6 6 3 1 0 g ) Clee 0020 2030 8.6
C 6 6 3 2 2 0 | 0.070 0.070 13500 0.32
D 7 7 2 2 0 2 | 0.078 0.168 3860 72
E 1 74 2 2 1 e RO S 869 3.9
& 8 3 % % 0 1 |0.074 0.149 7700 %)
G 8 8 2 2 1 1 10.082 0.118 2244 L2
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Many Models
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Statistic Distribution of M

00 L& < /iy, < 10
250 *
200
150

100

Number of models

()
=)
T ‘ T T

0 2000 4000 6000
M [GeV]

The bi-fundamental of QCD and dark QCD prefers
to have masses below 2 TeV
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Example Model for Number Density

(1): NpM ~ Ny

The general idea: generating asymmetry for the
bi-fundamental particles

¢ : (373)1/3

The baryon and dark baryon have comparable
number densities from its decay

b — XLCZR

l

np ~ Ny
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Asymmetry of the bi-fundamental
fom) kZY1®NZ S W

Generate number asymmetries for Ang = —Any,

T'(N, = Y10 —T(N; = V1®) 3 1 JIm[ki(k3)%] M)
(N, - Vi) + T(V; — Y1®) ~ 287 |ki|2 Mo

Ci—

LD /il(I)YfYQ -+ /iz(I)YzeR + IigCI)XLdR + h.c.,

Y| — YQ@T Yy — Pep

l

Anq> — —SAnyl
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Asymmetries of Baryon and Dark Baryon

Without weak interaction and electroweak sphaleron

pProcesses
By, = SR = & Ay,

¢ — Xrdg > Ane, =np = —Any,,
Anx =3np = —3 Any, ,

After taking the weak processes into account

e 25 Chung, Garbrecht, Tulin
B g sl arXiv:0807.2283
|’fLD| 79
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Ratios of Energy Densities

QDM npmp - 79 mp

QB on npmy, 56 m,,

Models
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Dark Matter Phenomenology

All relevant phenomenology depends on the bi-
fundamental particles, which have a mass at |-2 TeV

Integrate out the ¢ field

Iig yL'Y,uXL ER’V’LLCZR
Mg

Spin-independent dark baryon-neutron cross section

a1 92 g2 /@él,u%_,n _ < e

4
= % 3 x 10740 ¢m?
OD-n 16 7 M2 Mg /,@,) e
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Dark Matter Phenomenology

CDMS, 1304.4279
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Collider Phenomenology
QCD jet

/ /7Td
U b D

\ / dark jet ——my
. / QCD jet

T
et E

dark jet — 7P

\7Td

missing energy is dramatically reduced
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Conclusions
* Thermal dark neutron points to the dark QCD

scale to be ~ 100 TeV.The direct detection depends
on the explicit models of how to relate the dark

sector to our sector

* For asymmetry DM models, infrared fixed points
can relate the QCD and dark QCD confinement
scales and explain why dark baryon masses are at

the same scale with the proton mass

* More inputs from Lattice are required to calculate

coefficients of order of unit
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